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Abstract 
Ferrite powders BaFe12O19 were studied in the present work after plasma heating and 
rapid quenching in differentenvironment: in air, in water and on the copper disk. X-ray 
diffraction analysis (XRD), scanning electron microscopy (SEM), vibration magnetometry 
(VSM) and Mossbauer spectroscopy (NGR) showed that the powder produced after 
quenching on the copper disk was in amorphous-crystalline state. The correlation between the 
annealing temperature and the value of magnetic parameters (coercive field and saturation 
magnetization) was established. Annealing at 1200 K for 2 hours increases the coercive force 
up to 6.3 kOe. The processes of crystallization from the amorphous phase, that improve the 
magnetic properties of barium ferrite, are discussed. 
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Highlights: 
We studied the barium ferrite powdersafter plasma heating and rapid quenching. 
We studied the processes of crystallization from the amorphous phase. 
We studied theprocesses ofthermal annealing for the barium ferrite. 
 
1. Introduction 
Application of the amorphized and nanodispersed powders during the manufacture of 
ferrite products allows not only to intensify the sintering process, but also to control the 
ferrite microstructure. The directional crystallization during the transition from amorphous to 
crystalline state enables to control the amount of crystallization centers, the rate of nucleation 
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and growth of crystallites, the distribution and size of grains, the fraction and the ratio of 
crystalline phases, etc., thereby creating a certain microstructure of the material with the 
necessary set of physico-chemical properties [1-8]. 
Considering the possibility of amorphization, barium ferrite looks more preferable than 
spinel ferrites. This is because the binary oxide systems, which contain cations with greatly 
varied sizes, are easier to amorphize [9, 10]. In addition, barium ferrite has a more complex 
crystalline structure of magnetoplumbite (spatial group    
         ). Its unit cell 
contains two formula units of BaFe12O19, and can be composed of sequential structural blocks 
S (with dense cubic packing of two layers of oxygen ions, characteristic forspinels) and R 
(with dense hexagonal packing of three oxygen layers). The sequential  arrangementof 
hexagonal and cubic packings along the C axis leads to the formation of new (in comparison 
with spinel) nodes with fivefold coordination of (2b) position along with tetrahedral and 
octahedral nodes. Thus, cations    
  are localized in crystallographically nonequivalent 
positions (2a, 2b, 4f1, 4f2, 12K). In this regard, let us consider the results of the investigation 
of the structural state and magnetic properties of barium ferrite sintered from rapidly 
quenched ferrite powders. 
 
2. Materials and Methods 
 
The phase composition of the obtained samples was analyzed using the Advance D8 X-
ray diffractometer in CuKα monochromatic radiation. The scanning was carried out at room 
temperature in the angular rangeof 30-120 deg in 2θwith a step of 0.04 deg. 
The magnetic properties were studied by the method of vibrating magnetometry. 
The thermographic studies were performed by the SETSYS Evolution equipment. 
Mössbauer studies of the alloys were carried out at 78 K and 294 K by means ofnuclear 
gamma resonance spectrometer of electrodynamic type in a constant acceleration mode with 
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Co/Rh source. In order to calibrate the isomer shifts and speed scale, α-Fe foil was used at 
294 K. 
The morphological studies of the samples were performed by scanning microscopy 
(JEOL JSM-6490 LV). 
The process equipment for plasma spraying and rapid quenching is discussed in detail 
in [11-20]. For the preparation of barium ferrite, rapidly quenched powders were used with 
the composition corresponding to the chemical composition of anisotropic magnets (Fe2O3– 
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84.1%, BaO–15.4%, additives of aluminum and boron oxide – not more than 0.5%). In order 
to achieve various cooling rates, the quenching of ferrite powders after plasma spraying was 
carried out in different medium: gaseous (in air), liquid (in water), and on the quenched 
copper disk. In all cases of quenching, the conditions for plasma spraying of powders were 
the same: a power of arc discharge of 18 kW, a medium of Ar/CO2 gaseous mixture and a 
powder consumption of 14 g/min. 
 
3. Results and discussion 
 
The X-ray studies of the quenched samples showed that their crystal structure 
significantly changes (Fig. 1). It was found that, after quenching in the gaseous and liquid 
media, the barium ferrite powders become biphasic and they contain the basic phase of 
barium hexaferrite and small (~ 10%) inclusions of the cubic phase, which is expected to 
bethe phase of magnetite. 
 
 
Fig 1. Diffraction pattern of barium ferrite: initial, quenched in various media (in air, in 
water, on the copper disk) and annealed at 1000 K and 1200 K for 2 hours 
 
However, despite the savingof the basicphase, its structure was modified: a significant 
increase in the parameter c of the hexagonal unit cell was observed along with a practically 
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unchanged value of the parameter a. Such anisotropic "swelling" of a unit cell is most 
probably due to the formation of a vacancy in (2b) positions. Just in this case the oxygen 
octahedra of the hexagonal block is distorted and, consequently, the period of the unit cell 
increased. As for the selective formation of vacancies, it can be assumed that the states of 
Fe
3+
 ions localized in low-symmetry (2b) positions are energetically the least stable. 
Therefore the disordering defects arising during quenching are located predominantly in these 
positions. 
The situation becomes different duringthe analysis of the structural state of samples 
quenched on the rotating copper disk. In this case, the X-ray diffraction spectra consist of a 
diffuse maximum observed in the small-angle region, which is characteristic of the 
amorphous state, and of broadened lines of low intensity corresponding to the cubic structure 
(Fig. 1). Consequently, as a result of rapid quenching, the initial hexagonal phase of ferrite 
completely disappears with the formation of new nonequilibrium cubic and amorphous 
phases. It is quite difficult to identify the cubic structure due to the diffuseness of the main 
diffraction peaks. It is most probably that the observed reflections of the cubic phase belong 
to the compounds Fe3O4 or γ-Fe2O3, which have similar lattice parameters and are therefore 
difficult to distinguish. 
 
    
a                                                         b 
Figure 2. Morphological pattern of Ba-ferrite powders quenched after plasma spraying: 
a - in air; b - on the surface of the copper disk (the inset shows the electron diffraction pattern 
of the thin section ~ 0.1 μm) 
 
The morphological and electron diffraction analysis of the initial Ba-ferrite particles 
melted in the plasma and quenched in various media (Fig. 2) also testify the formation of 
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amorphous-crystalline state. When the powder was sprayed into a gas or liquid medium, the 
particles become near spherical. The process of shaping was accompanied by a change in the 
fractional composition of the powder, and the fragmentation of the particles into smaller ones 
was observed (the fraction of small particles with a size of <50 μm was equal to ~ 40%). The 
appearance of fine fraction can be associated with the destruction of the initial particles as a 
result of the heatstroke and gas-dynamic effects of the plasma jet. We should also note that 
crystallites with hexagonal structure are observed on the surface of large particles (Fig. 2a). 
As a result of quenching the melt drops on the stationary metal copper plate (Fig. 2b), 
the particles had a luminary shape with a thickness of 0.1-2 microns and a diameter of 50-
1000 microns. The investigations of the structural state obtained by the plasma splat 
quenching of Ba-ferrite showed that in the thinner sections of the flakes (<0.1 microns), the 
halo is observed on the electron diffraction patterns (Fig. 2b inset), which indicates the 
achievement of amorphous state. 
In order to clarify the phase composition of the quenched samples, they were 
investigated by the method of NGR spectroscopy. Fig. 3 shows the γ-spectrum of the barium 
ferrite sample that was quenched on the copper disk after plasma spraying. 
 
 
Fig 3. Mössbauer spectrum of the barium ferrite sample after plasma treatment and 
quenching on the disk 
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The spectral processing was carried out simultaneouslyby model interpretation of the 
quadrupole doublet and recovery of the hyperfine magnetic field distribution. The Mossbauer 
spectrum represents a superposition of the intense doublet located in the central part, a low-
intensity doublet and two low-intensity sextets, characteristic of superparamagnetic particles. 
The intense doublet with the average parameters <IS> = 0.24 mm/s and <QS> = 0.71 mm/s 
corresponds to the positions of trivalent iron atoms in the tetrahedral surrounding 
environment of oxygen atoms. And the doublet of low intensity with the average parameters 
<IS> = 0.27 mm/s and <QS> = 2.33 mm/s corresponds to the positions of bivalent iron 
atoms. The areaof sextuplets was used to estimate the fraction of magnetite in the total 
amount of the crystalline phase, which was found to be ~ 5%. 
We should also note that crystalline compounds, which include barium, were not found. 
Therefore, it can be assumed that Ba ions are in the amorphous phase. 
Nonequilibrium state arising during quenching of barium ferrites is also shown by 
thermographic studies. The DTA curves of the quenched samples are characterized by two 
peaks of heat release: in the region corresponding to 620-820 K and at T = 1153 K (Fig. 4a). 
 
а) 
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b) 
Figure 4. Thermograms of the barium ferrite quenched on the disk: a) in air, b) in argon 
 
The wide low-temperature maximum is clearly defined for the oxidizing medium, and 
the heat release process is accompanied by an increase in the weight of the sample. This 
suggests that oxidation processes of ferrite powders, partially reduced during plasma 
spraying, occur in this temperature range. The intensity and position of the narrow high-
temperature maximum are practically independent of the composition of the gaseous medium 
and, apparently, its appearance is due to crystallization of the amorphous phase. 
In an inert medium, the intensity of the low-temperature maximum significantly 
decreases, and the change in weight is practically not observed. The DTA curves clearly 
show two characteristic temperature regions of exothermic reactions, confirming the 
nonequilibrium state of the studied samples. In the region corresponding to 780 K, 
thereactions of cation redistribution occur and the statistical distribution of cations returns to 
the initial thermodynamically equilibrium distribution. The low-temperature maximumof 
DTA (680 K) is observed in a wider temperature region and can be related both to relaxation 
of local stresses and to the redistribution of cations over the nonequivalent positions of a 
separate sublattice. 
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In order to study the character of the transformations occurring during heating, the 
quenched samples were successively annealed for two hours at the temperatures of 500–1500 
K. After each annealing, diffraction patterns were taken and the differential thermal analysis 
of the powders was carried out. 
Annealing of the samples at the temperatures of up to 900 K leads to amore 
clearrevealing of the reflexes of the cubic structure and the appearance of additional 
diffraction peaks corresponding to the α-Fe2O3 phase. Such changes can take place both due 
to the oxidation of magnetite, and as a result of the following transformation:γ-Fe2O3 → α-
Fe2O3. 
The most significant changes in the diffraction spectrum were observed at the samples 
exposed to the thermal annealing in the temperature range of 960-1100 K. In this case, 
reflexes of the hexagonal phase of BaFe12O19 appear and become possible, while the intensity 
of the abovementioned reflections of the cubic phase decreases by more than an order of 
magnitude (Fig. 1). Simultaneously, the intensity of the high-temperature peak (the DTA 
thermograph), that characterizes the crystallization process of the amorphous phase, 
decreases. 
At the annealing temperature T = 1173 K, the phase transformations are mainly 
completed and the final formation of the microstructure of barium hexaferrite occurs (Fig. 1). 
We should note that in this case the structure of hexafferrite BaFe12O19 is formed without 
intermediate stages of the formation of various modifications of BaFe2O4monoferrite, which 
usually does not occur under the conditions of the equilibrium ferrite synthesis. 
The structural and phase changes, occurring in the quenched samples of barium 
ferrite,must definitely change the magnetic properties. Table 1 shows the most practically 
important characteristics of the demagnetization curve: a coercive force Hc and saturation 
magnetization σs. 
Below are the results of investigations, in which Ba-ferrite nanoparticles were produced 
by various methods [21-23]. 
Table 1. Magnetic properties of barium ferrite samples 
Quenching conditions σs, emu/g Hc, Oe 
Initial sample 66 3500 
Quenching in water 57 920 
Quenching on the disk 44 340 
After annealing at 1260 K 64,2 6320 
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In the work [23] 60,75 5691 
In the work [22] 65,8 5251 
In the work [21] 64,3 5483,3 
 
It can be seen that with an increase in the quenching rate (due to spraying in various 
media), the hysteresis curves are significantly transformed. The most significant changes in 
the magnetic parameters (the decrease of a coercive force by one order and a magnetization 
by almost twice) are observed in the case of quenching barium ferrite on the copper disk. 
That is, it takes place when radical structural transformations occur in the material and the 
amorphous phase forms. 
The behavior of the magnetic properties (Hc, σs) during isochronous annealing of 
quenched samples is shown in Fig. 5. 
 
 
Fig. 5. Dependences of the coercive force Hc and the saturation magnetization σs on the 
temperature of isochronous annealing 
 
It is obvious that during the process of thermal annealing, it is possible not only to 
recover the magnetic parameters of the barium ferrite, but also significantly improve them. 
The recovering of the saturation magnetization σs occurs during one stage, and this process 
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goes most intensive in the temperature range corresponding to the formation of the hexagonal 
phase. 
The coercive force HC has the different dependence on the annealing temperature. An 
increase in the coercive force is observed in the temperature range of up to T = 1260 °C, 
where it reaches its maximum value. This value was higher for such the samples of barium 
ferrite, which had higher quenching rate. Thus, in the case of quenching ferrite in water, the 
maximum value of the coercive force does not exceed the initial level. While in the case of 
the quenching on the copper disk, the maximum value of the Hcduring the thermal annealing 
wasfound to be 6300 Oe, that is almost twice higher than the coercive force of the initial 
material. A further increase in the annealing temperature leads to a decrease in the coercive 
force, so that even at Tann = 1600 K, the HC decreases to the initial level. 
The obtained results proof the significant role of the prehistory (structural disordering 
and phase composition) of the initial powders in the formation of the high-coercive state of 
the barium ferrite. Since only one phase (barium hexaferrite) is formed during the sintering 
process (T= 1200 K) of all types of quenched powders, hereby the observed differences in the 
magnetic properties can be related to the peculiarities of the microstructure, which, for 
example, in the case of quenching ferrite on the disk, is formed both under the conditions of 
polymorphic transformation and in the process of crystallization of the amorphous phase. 
A detailed analysis of the macrostructure of the quenched and sintered powders of 
barium ferrite revealed the following. After plasma spraying and quenching on the copper 
disk, the ferrite passes into a strongly nonequilibrium state, characteristic of glassceramic, 
where small crystalline inclusions of the compounds Fe3O4 and γ-Fe2O3with average size of 
0.05-0.08 μm present in the amorphous matrix. 
During thermal annealing, beginning at T = 950 K, a magnetically ordered nano-
crystalline hexagonal phase of BaFe12O19 is formed. The size of crystallites in thenew phase 
depends on the temperature and duration of annealing. At T = 1260 K and t = 2 h, that is, 
under such sintering conditions, when the coercive force becomes maximum, the crystallites 
reach 0.1 μm in size (Figure 6). 
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Fig. 6. Microstructure of barium ferrite after quenching on the disk and subsequent 
annealing at 1200 K for 2 hours 
Apparently, these values are optimal for the realization of the high-coercive state of the 
barium ferrite. A further increase in the annealing temperature leads to an increase ofa size of 
the crystalline grains and a decrease of the coercive force. 
Conclusion 
Thus, applying the traditional methods of powder metallurgy and combining the 
sintering process with the transition from amorphous to crystalline state, it is possible to 
produce barium ferrites with high performance characteristics. A similar application of the 
transition from amorphous to crystalline state for the formation of the properties of metallic 
alloys important for practical applications, was reported in. In this regard, the obtained results 
confirm the opinion that the application of amorphous powders for producing materials with 
the necessary microstructure is one of the advanced directions in the technology of powder 
metallurgy. 
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